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INTRODUCTION 
 

One of the greatest challenges of prostate cancer surgery is preservation of sexual function after 
surgery.  There has been a wide variability in reported post-operative potency rates, ranging from 9 - 
86%.  This variability may be du e, in part, to our  l imited understanding of the location, extent, and 
course o f the cavernous nerves, which are responsible for erectile function.  Because of t he c lose 
proximity of  t he ner ves t o the s urface o f t he pr ostate, t hey ar e at r isk o f damage during s urgical 
dissection and removal of a cancerous prostate gland.  In addition, their microscopic nature makes it 
difficult to predict the true course and location of these nerves from one individual patient to another. 
Improvements i n i dentification, i maging, an d v isualization o f these n erves w ill l ikely i mprove t he 
consistency of nerve preservation and postoperative potency and thus lead to an improved quality of 
life for patients. 

 
We hypothesize that the application of novel opt ical technologies for identification, imaging, and 

preservation o f t he cavernous nerves dur ing prostate cancer surgery will result i n improved sexual 
function.  We intend to test three complementary optical technologies:  Non-contact laser stimulation 
for i dentification o f the c avernous nerves, hi gh-resolution i maging of  t he c avernous n erves us ing 
optical coherence tomography (OCT), and rapid, precise, and hemostatic dissection of the prostate 
from the cavernous nerves using a KTP laser. 
 

Year 1 was devoted t o opt imization o f t he l aser ner ve s timulation par ameters an d di rect 
comparison w ith c onventional electrical n erve s timulation.  We completed t hese t asks ah ead of 
schedule, and therefore s tarted work on s ome o f t he Year 2 aims as  well, such as  assembly of a 
laparoscopic l aser ner ve s timulation pr obe, and i mproving t he i mage q uality of  opt ical coherence 
tomography f or di fferentiating t he c avernous ner ves f rom t he prostate g land.  T he Year 1 work 
resulted in the publication of 2 manuscripts, 5 conference proceedings, and 3 abstracts, as stated in 
the Year 1 Report.   

 
In Year 2, we continued the development and testing of the laparoscopic laser nerve stimulation 

probe, incorporating laser beam collimation and laser beam shaping methods into the device.  This 
resulted i n faster and  s tronger s timulation at s horter dur ations t han pr eviously r eported us ing t he 
conventional probe design. We also measured the optical properties of the prostate gland at several 
near-infrared laser wavelengths for potential use with optical coherence tomography (OCT) systems.  
Our study found improved optical penetration depth at 1064 nm in comparison with the conventional 
1310 n m w avelength c urrently us ed i n O CT.  Finally, w e combined t he a pplication o f t hree 
complementary image processing algorithms (denoising, segmentation, and edge detection) to OCT 
images of the rat prostate and cavernous nerves to improve the signal to noise ratio, contrast to noise 
ratio, and i maging depth.  In summary, dur ing Year 2  of t he g rant, we  published 2 m anuscripts, 5 
conference pr oceedings, and 1  abs tract.  Our r esearch r esults were al so pr esented at s everal 
national and international conferences, including the International Symposium for Biomedical Optics 
(SPIE), t he E ngineering and U rology S ociety ( EUS) annual  m eeting, and t he O ptical S ociety of  
America (OSA) Biomedical Symposium.    
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BODY 
 
STATEMENT OF WORK (Year 2) 
 
TASK #1 (cont).  Laser stimulation of cavernous nerves (Months 1-18). 
 
C. Develop rapid scanning laser nerve stimulation system for prostate surgery (Months 13-18). 
 
Objectives: Develop laparoscopic laser nerve stimulation probe capable of rapid scanning of tissue, 
identification of cavernous nerves during prostate cancer surgery. 
 
Criteria for Success:  Develop laparoscopic laser stimulation probe with rapid scanning capability, 
and with 4-mm-OD for insertion through 5-mm-ID laparoscopic port during prostate surgery. 
 
Status:  Started during Year 1 (see Year 1 Report) and Completed during Year 2. 
 
Results: 

Noncontact laser stimulation of the cavernous nerves was previously demonstrated in a rat model, 
in vivo, as  a pot ential al ternative to electrical nerve s timulation for i dentification o f the CN’s dur ing 
prostate surgery. However, the therapeutic window for ONS is narrow, so optimal design of the fiber 
optic delivery s ystem is c ritical f or s afe, r eproducible s timulation.  T his s tudy des cribes m odeling, 
assembly, and t esting of  an O NS pr obe for del ivering a s mall, c ollimated, flat-top l aser beam  for 
uniform cavernous nerve stimulation.  A direct comparison of the magnitude and response time of the 
intracavernosal pressure ( ICP) f or bo th G aussian and flat-top spatial beam profiles (Figure 1)  was 
performed. Thulium fiber laser radiation (λ=1870 nm) was delivered through a 200 -µm f iber, with 
distal fiber tip chemically etched to convert a Gaussian to flat-top beam profile. The laser beam was 
collimated to a 1-mm-diameter spot using an aspheric lens. Computer simulations of light propagation 
were also used to optimize the probe design.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Comparison of Gaussian and Flat-top beam profiles at distal fiber tip of laparoscopic probe.  The flat-top beam 
profile provides more uniform irradiation of the nerve surface, providing safer and more consistent nerve stimulation. 

 
The 10 -Fr (3 .4-mm-OD) l aparoscopic probe pr ovided a c onstant radiant exposure at t he ner ve 

surface. The probe was tested in four rats, in vivo.  Laser nerve stimulation of the cavernous nerves 
was per formed w ith a 1 -mm-diameter s pot, 5 -ms pul se d uration, a nd pul se r ate o f 2 0 H z f or a 
duration of 15-30 s .  T he f lat-top laser beam profile consistently produced a faster and higher ICP 
response at a lower radiant exposure than the Gaussian beam profile due, in part, to easier alignment 
of the more uniform flat-top laser beam profile with nerve (Figure 2). 
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 (a) 
 
 
 
 
 
 
 
 
 
 
 
 (b) 
 
Figure 2.  Comparison of (a) Gaussian and (b) flat-top spatial beam profiles for optical stimulation of the rat cavernous 
nerves as a function of radiant exposure.  The magnitude of the ICP increases and the response time decreases as the 
radiant exposure is increased for both beam profiles.  However, by comparison, the ICP response is significantly higher 
and faster for the flat-top beam profile at lower radiant exposures than for the Gaussian beam profile.  
 

In summary, a 3.4-mm-OD laparoscopic probe capable of delivering a collimated, 1-mm-diameter, 
flat-top laser beam was designed and successfully tested for optical nerve stimulation.  This probe 
produced a faster and higher ICP response in rat CN at a lower radiant exposure than for a 
standard probe with Gaussian beam profile.   
 
TASK #2.  Image cavernous nerves using Optical Coherence Tomography (OCT). 
 
A.  Improve OCT image depth and resolution (Months 13-18). 
 
Objective:  Improve OCT image depth and resolution in prostate tissue;   
 
Criteria for Success: Improve OCT image depth from 1 to 2 mm, image resolution from 11 to 7 µm. 
 
Status:  Completed. 
 
Results: 

The opt imal w avelength f or optical c oherence t omography of t he pr ostate has  y et t o be  
determined.  The objective of  this s tudy was to determine the optimal near-infrared wavelength for 
OCT i maging o f t he prostate.  An oblique-incidence s ingle poi nt m easurement t echnique us ing a  
normal-detector scanning system was implemented to determine the absorption (μa) an d r educed 
scattering coefficients (μ′s) of fresh canine prostate tissue, ex vivo, from the diffuse reflectance profile 
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of near-IR l ight as a f unction of source-detector distance.  The effective attenuation coefficient (μeff) 
and optical penetration depth (OPD) were then calculated for near-IR wavelengths of 1064, 1307, and 
1555 nm (Table 1).  A total of ten canine samples were used for this study.  At wavelengths of 1064, 
1307, and 1555 nm, the mean absorption coefficients measured 0.08 + 0.03, 0.12 + 0.04, and 0.23 + 
0.09 cm-1, respectively.  The mean reduced scattering coefficients measured 16.60 + 0.95, 14.30 + 
1.14, and 10.98 + 2.35 cm-1.  The effective attenuation coefficients were calculated to be 2.00, 2.28, 
and 2.78 cm-1, yielding OPD’s of 0.5, 0.44, and 0.36 cm at 1064, 1307, and 1555 nm.  OCT imaging 
studies of the prostate may benefit from replacement of commonly used 1310 nm broadband 
light sources with 1064 nm sources for deeper OCT imaging of the prostate. 
 
Table 1.  Summary of canine prostate optical properties. 

 

Coefficients (cm-1) Sample No. 1064 nm 1307 nm 1555 nm 
 1 16.24 14.54 11.59 

 2 16.50 14.51 9.84 

 3 17.25 16.58 13.87 

 4 18.10 15.57 14.44 

 5 15.28 14.02 9.86 

μ′s 6 17.62 14.21 12.52 

 7 17.16 13.07 9.25 

 8 15.86 14.38 8.55 

 9 15.31 13.05 7.37 

 10 16.66 13.05 12.50 

 Mean 16.60 14.30 10.98 

 σ 0.95 1.14 2.35 

 1 0.11 0.10 0.18 

 2 0.08 0.13 0.20 

 3 0.06 0.07 0.20 

 4 0.07 0.07 0.10 

 5 0.12 0.11 0.23 

μa 6 0.04 0.12 0.15 

 7 0.03 0.22 0.24 

 8 0.12 0.13 0.40 

 9 0.12 0.13 0.27 

 10 0.08 0.15 0.33 

 Mean 0.08 0.12 0.23 

 σ 0.03 0.04 0.09 

μeff Mean 2.00 2.28 2.78 

OPD (cm) Mean 0.50 0.44 0.36 
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B. Design OCT laparoscopic probe for prostate cancer surgery (Months 19-24). 
 
Objective:  Design a n O CT fiber opt ic pr obe for i ntraoperative g uidance o f l aparoscopic pr ostate 
cancer surgery. 
 
Criteria for Success:  Design OCT probe with 4-mm-diameter for laparoscopic prostate surgery. 
 
Status:  Not completed (This task will be worked on in Year 3 of the grant).  
 
C. Test OCT imaging probe in an in vivo rat model (Months 19-24). 
 
Objective:  Perform OCT imaging of the cavernous nerves in an in vivo rat model. 
 
Criteria for Success:  Demonstrate i mproved di scrimination o f r at c avernous n erves f rom 
surrounding peri-prostatic tissues compared to preliminary studies.   

 
Status:  Completed.   
 
Results: 

A s egmentation al gorithm was us ed t o l ocate t he c avernous ner ves i n t he pr ostate. A n edge 
detection al gorithm was then applied in t his s tudy to c omplement s egmentation t o pr ovide deeper  
imaging of the prostate gland (Figure 3).  OCT images were taken in vivo using a e ndoscopic OCT 
system.  The OCT system was used with an 8 F r (2.6-mm-OD) p robe providing a l ateral scanning 
distance of 2 m m and an i mage depth of 1.6 mm.  T he system was capable of acquiring real-time 
images with 11 μm axial and 25 μm lateral resolutions in tissue.  An unprocessed TD-OCT image of 
the cavernous nerve at longitudinal orientation along the surface of the rat prostate is shown in Figure 
3(a). F igure 3 (b) s hows t he c ombination of e dge d etection r esult o f t he denoised i mage an d 
segmentation result. The edge detection approach was successful in accentuating prostate structures 
deeper i n t he t issue. The glandular structure of the prostate could be seen to a depth of 
approximately 1.6 mm in Figure 3(b) in comparison with an only about 1 mm depth in the 
unprocessed OCT image in Figure 3(a). Overall, the edge detection technique enhanced 
structures deeper in the prostate gland. 

 
 

 
 

(a) 

 
 

(b) 
 

Figure 3. OCT images of rat cavernous nerve: (a) Unprocessed; (b) Segmented & edge detected image. 
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KEY RESEARCH ACCOMPLISHMENTS 
 

- A laparoscopic laser nerve stimulation probe was designed incorporating both laser beam collimation 
and beam shaping.  The probe produced a c ollimated 1-mm-diameter spot over a w orking range of 
20 mm.  T he standard Gaussian laser beam shape was also converted into a flat-top beam profile, 
providing more uniform irradiation of the cavernous nerve surface during stimulation.  These features 
are s ignificant bec ause a pplication o f l aser ner ve stimulation as an intra-operative di agnostic t ool 
during prostate cancer surgery will require delivery of a constant energy density to the nerve. Too low 
an energy will r esult i n no s timulation and too high an en ergy will result i n t hermal damage to the 
nerve and consequent loss of erectile function.  Our handheld laparoscopic probe produces a range 
of working distances providing constant and reproducible nerve stimulation. 
 

- We have di scovered t hat t he t hreshold for l aser s timulation of nerves i s significantly l ower t han 
previously reported.  Our research group working on the rat cavernous nerve model, as well as other 
research groups working on other peripheral nerve models, previously reported the threshold radiant 
exposure for laser nerve stimulation to be about 0.35 J /cm2.  H owever, us ing our improved f lat-top 
laser nerve stimulation probe, we recorded successful cavernous nerve stimulation a t laser radiant 
exposures of only 0.14 J/cm2.  This result is significant because use of a lower energy provides less 
probability of  t hermal damage t o the nerve dur ing s timulation, and also potential for use o f a l ess 
expensive laser during clinical application.  The flat-top probe provides much easier alignment of the 
laser spot with the nerve, thus producing more reliable stimulation at lower radiant exposures.  
 

- Using our improved flat-top laparoscopic probe, we have also managed to reduce the stimulation time 
from 30-60 s recorded during previous studies, to less than 10 s reported during our current studies.  
This is significant because stimulation has to be fast and close to real-time feedback provided for the 
technique to be clinically viable.    
 

- The optical properties of t he prostate g land were m easured for t he first t ime at  near-infrared l aser 
wavelengths (λ = 106 4, 1310, a nd 1550 n m) f or pot ential us e with opt ical c oherence t omography 
(OCT) systems.  Our study found improved optical penetration depth at 1064 nm in comparison with 
the conventional 1310 nm wavelength currently used in OCT.  This is significant because the greatest 
limitation to clinical application of OCT prostate imaging is the limited imaging depth. 
 

- We applied an image processing technique, known as segmentation, to OCT images of rat cavernous 
nerves and prostate, providing enhanced contrast between the two structures.  We have also added 
edge detection to our denoising and s egmentation algorithms to effectively provide deeper prostate 
imaging, with an improvement from approximately 1-mm depth to approximately 1.6-mm depth.   
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REPORTABLE OUTCOMES 
 
Peer-Reviewed Manuscripts 
 
Chitchian S, Weldon TP, Fried NM.  Sementation of optical coherence tomography images for 
differentiation of the cavernous nerves from the prostate gland.  Journal of Biomedical Optics

 

  
14(4):044033, 2009. 

Tozburun S, Lagoda GA, Mayeh M, Farahi F, Burnett AL, Fried NM.  A compact laparoscopic probe 
for optical stimulation of the prostate nerves.  IEEE Journal of Selected Topics in Quantum 
Electronics
 

.  In press.   

 
Peer-Reviewed Conference Proceedings 
 
Chitchian S, Weldon TP, Fried NM.  OCT image segmentation of the prostate nerves.  Proc. SPIE  
7443:74431D  (San Diego, CA, 2009). 
 
Chitchian S, Fried NM.  Near-IR optical properties of canine prostate tissue using oblique incidence 
reflectometry.  Proc. SPIE.  (San Francisco, CA, 2010).  
 
Tozburun S, Lagoda GA, Mayeh M, Burnett AL, Farahi F, Fried NM.  Incorporation of fiber optic beam 
shaping into a laparoscopic probe for laser stimulation of the cavernous nerves.  Proc. SPIE.  (San 
Francisco, CA, 2010).  
  
Tozburun S, Lagoda GA, Burnett AL, Fried NM.  G aussian versus flat-top spatial beam profiles for 
optical stimulation of the prostate nerves.  Proc. SPIE.   (San Francisco, CA, 2010).  
 
Chitchian S , Fried N M.  An edg e det ection algorithm f or improving optical c oherence t omography 
images of the prostate nerves.  OSA BIOMED.  (Miami, FL, 2010) 
 
 
Abstracts 
 
Chitchian S , Weldon T P, F ried N M.  2-D s egmentation o f O CT pr ostate i mages.  Journal o f 
Endourology  23:1031-1032, 2009. 
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CONCLUSION 
 

In t he s econd y ear of t his pr oject, w e a ccomplished s everal tasks.  F irst, w e des igned a  
laparoscopic l aser nerve s timulation pr obe i ncorporating bot h l aser bea m c ollimation a nd s haping, 
resulting in more uniform irradiation of the cavernous nerve surface during stimulation.  This improved 
probe design resulted in successful cavernous nerve s timulation at laser radiant exposures of  only 
0.14 J /cm2, m uch lower than t he t hreshold o f 0.35 J/cm2 previously reported.  T he f lat-top pr obe 
provided m uch eas ier al ignment of t he l aser s pot w ith t he ner ve, t hus producing m ore r eliable 
stimulation at l ower r adiant ex posures. Using our  i mproved flat-top l aparoscopic pr obe, w e also 
reduced the stimulation time from 30 s recorded during previous studies, to less than 10 s reported 
during our current studies, thus faster stimulation necessary for real-time application in the clinic.  The 
optical properties of the prostate g land were also measured for the first t ime at  near-infrared laser 
wavelengths commonly used with opt ical coherence tomography (OCT) systems.  Our s tudy found 
improved opt ical pen etration depth at  1 064 nm  i n c omparison w ith t he c onventional 1310 nm 
wavelength c urrently used i n O CT.  Finally, we al so c ombined t he appl ication o f s everal i mage 
processing al gorithms ( denoising, s egmentation, and e dge detection) t o optical c oherence 
tomography images of  t he rat prostate and cavernous nerves t o i mprove t he s ignal t o noi se ratio, 
contrast t o n oise r atio, and i maging dept h.    O verall, dur ing Y ear 2 of  t he g rant, we publ ished 2 
manuscripts, 5 conference proceedings, and 1 abstract.  Our research results were also presented at 
several national and international conferences, including the International Symposium for Biomedical 
Optics (SPIE), the Engineering and Urology Society (EUS) annual meeting, and the Optical Society of 
America (OSA) Biomedical Symposium.    
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Abstract. The cavernous nerves course along the surface of the pros-
tate and are responsible for erectile function. Improvements in iden-
tification, imaging, and visualization of the cavernous nerves during
prostate cancer surgery may improve nerve preservation and postop-
erative sexual potency. Two-dimensional �2-D� optical coherence to-
mography �OCT� images of the rat prostate were segmented to differ-
entiate the cavernous nerves from the prostate gland. To detect these
nerves, three image features were employed: Gabor filter, Daubechies
wavelet, and Laws filter. The Gabor feature was applied with different
standard deviations in the x and y directions. In the Daubechies
wavelet feature, an 8-tap Daubechies orthonormal wavelet was
implemented, and the low-pass sub-band was chosen as the filtered
image. Last, Laws feature extraction was applied to the images. The
features were segmented using a nearest-neighbor classifier. N-ary
morphological postprocessing was used to remove small voids. The
cavernous nerves were differentiated from the prostate gland with a
segmentation error rate of only 0.058±0.019. This algorithm may be
useful for implementation in clinical endoscopic OCT systems cur-
rently being studied for potential intraoperative diagnostic use in lap-
aroscopic and robotic nerve-sparing prostate cancer surgery. © 2009
Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3210767�

Keywords: segmentation; optical coherence; tomography; cavernous nerves;
prostate; prostatectomy; CT.
Paper 09065R received Feb. 25, 2009; revised manuscript received Jun. 12, 2009;
accepted for publication Jun. 23, 2009; published online Aug. 25, 2009.
Introduction
reservation of the cavernous nerves during prostate cancer
urgery is critical in preserving a man’s ability to have spon-
aneous erections following surgery. These microscopic
erves course along the surface of the prostate within a few
illimeters of the prostate capsule, and they vary in size and

ocation from one patient to another, making preservation of
he nerves difficult during dissection and removal of a cancer-
us prostate gland. These observations may explain in part the
ide variability in reported potency rates �9 to 86%� follow-

ng prostate cancer surgery.1 Any technology capable of pro-
iding improved identification, imaging, and visualization of
he cavernous nerves during prostate cancer surgery would be
f great assistance in increasing sexual function rates after
urgery.

Optical coherence tomography �OCT� is a noninvasive op-
ical imaging technique used to perform high-resolution cross-
ectional in vivo and in situ imaging of microstructure in bio-
ogical tissues.2 OCT imaging of the cavernous nerves in the
at and human prostate has recently been demonstrated.3–5

owever, further improvement in the quality of the images is

ddress all correspondence to: Shahab Chitchian, Department of Physics and
ptical Science, University of North Carolina at Charlotte, Charlotte, NC
8223. Tel: 704-687-8152; Fax: 704-687-8197; E-mail: schitchi@uncc.edu
ournal of Biomedical Optics 044033-
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necessary before OCT can be used in the clinic as an intraop-
erative diagnostic tool during nerve-sparing prostate cancer
surgery.

Three-dimensional �3-D� prostate segmentation, which al-
lows clinicians to design an accurate brachytherapy treatment
plan for prostate cancer, has been previously reported using
computed tomography �CT�, magnetic resonance imaging
�MRI�, and ultrasound.6,7 Recently, various segmentation ap-
proaches have also been applied in retinal OCT imaging. Ish-
ikawa et al. described an approach to segment retinal layers
and extract thickness of the layers.8 Their algorithm searches
for borders of retinal layers by applying an adaptive thresh-
olding technique. Bagci et al. described an algorithm to detect
layers within the retinal tissue by enhancing edges along the
image vertical dimension.9 Methods based on a Markov
model and deformable splines were reported for determina-
tion of optic nerve-head geometry and thickness of retinal
nerve fibers, respectively.10,11 However, large irregular voids
in prostate OCT images require a segmentation approach dif-
ferent than that used for segmentation of the more regular
structure of retinal layers.

Our research group recently applied the wavelet shrinkage
denoising technique to improve the quality of OCT images of

1083-3668/2009/14�4�/044033/4/$25.00 © 2009 SPIE
July/August 2009 � Vol. 14�4�1
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he prostate for identification of the cavernous nerves.12

uilding on these earlier results, the segmentation technique
eported here has the advantage that it is not dependent on the
epth of the nerves below the tissue surface. In this regard,
he proposed segmentation approach is a more versatile

ethod. In this study, 2-D prostate images are segmented into
hree regions of background, nerve, and prostate gland using a
earest-neighbor classifier.

Segmentation System
block diagram of the segmentation system is provided in

ig. 1. The input image f�x ,y� is first processed to form three
eature images. The features are generated by Gabor filtering,
aubechies wavelet transform, and Laws filter mask, respec-

ively. The prostate image is then segmented into nerve, pros-
ate, and background classes using a k-nearest neighbors clas-
ifier and the three feature images. Last, N-ary morphological
ostprocessing is used to remove small voids. The generation
f the feature images are first described here, followed by
escriptions of the classifier and postprocessing.

.1 Gabor Filter

he first feature image is generated by a Gabor filter with
mpulse response h�x ,y�,13

h�x,y� = g�x,y�exp�− j2��Ux + Vy�� , �1�

here

g�x,y� =
1

2��x�y
exp�−

1

2
� x2

�x
2 +

y2

�y
2�� . �2�

The Gabor function h�x ,y� is a complex sinusoid centered
t frequency �U ,V� and modulated by a Gaussian envelope
�x ,y�. The spatial extent of the Gaussian envelope is deter-
ined by parameters �x ,�y. The 2-D Fourier transform of
�x ,y� is

H�u,v� = G�u − U,v − V� , �3�

here

ig. 1 System block diagram. Input image f�x ,y� is processed into
hree feature images: Gabor filtered image, 8-tap Daubechies wavelet
ub-band, and Laws feature. The features are classified by a k-nearest
eighbors classifier into three classes: background, nerve, and pros-

ate gland. Last, N-ary morphological close and open functions are
pplied, generating the final output segmented image s�x ,y�.
ournal of Biomedical Optics 044033-

Downloaded from SPIE Digital Library on 03 Mar 2010 to 1
G�u,v� = exp�− 2�2��x
2u2 + �y

2v2�� , �4�

is the Fourier transform of g�x ,y�. The parameters
�U ,V ,�x ,�y� determine h�x ,y�. Equations �3� and �4� show
that the Gabor function is essentially a bandpass filter cen-
tered about frequency �U ,V� with bandwidth determined by
�x ,�y. The Gabor feature center frequency of
�0.2,0.2� cycles /pixel is applied with standard deviations of
3 and 6 in the x and y directions, respectively, based on ex-
perimental observation of minimum segmentation error.

2.2 Daubechies Wavelet Transform
The second feature is generated by an 8-tap Daubechies or-
thonormal wavelet transform, which is the representation of a
function by scaled and translated copies of a finite-length or
fast-decaying oscillating wave form that can be used to ana-
lyze signals at multiple scales. Wavelet coefficients carry both
time and frequency information, as the basis functions vary in
position and scale.

The discrete wavelet transform �DWT� converts a signal to
its wavelet representation. In a one-level DWT, the image c0
is split into an approximation part c1 and a detail part d1. In a
multilevel DWT, each subsequent ci is split into an approxi-
mation ci+1 and detail di+1. For 2-D images, each ci is split
into an approximation ci+1 and three detail channels di+1

1 , di+1
2

and di+1
3 for horizontally, vertically, and diagonally oriented

details, respectively, as illustrated in Fig. 2. The inverse DWT
�IDWT� reconstructs each ci from ci+1 and di+1. In the present
work, the approximation part c1 is chosen as the filtered im-
age for the second feature.

2.3 Laws Filter
The third feature is generated by the Laws feature extraction
method. The set of nine Laws 3�3 pixel impulse response
arrays hi�x ,y� �Ref. 14� is convolved with a texture field to
accentuate its microstructure. The i’th microstructure image
mi�x ,y� is defined as

m �x,y� = f�x,y� � h �x,y� . �5�

Fig. 2 Ordering of the approximation and detail coefficients of a two-
level 2-D wavelet transform.
i i

July/August 2009 � Vol. 14�4�2

52.15.184.19. Terms of Use:  http://spiedl.org/terms



s
T

w
o

b

a
e

2
T
c
k
m

o
t
c
u

k
r
b
k
p
f

s
b
T
s
s
c
t
p
r

2
T
i
fi
c
t
l
s
8

Chitchian, Weldon, and Fried: Segmentation of optical coherence tomography images for differentiation…

J

Then, the energy of these microstructure arrays is mea-
ured by forming their moving window standard deviation

i�x ,y� according to

Ti�x,y� =
1

2w + 1	 

m=−w

w



n=−w

w

�mi�x + m,y + n�

− ��x + m,y + n��2�1/2

, �6�

here w sets the window size, and ��x ,y� is the mean value
f mi�x ,y� over the window.

For the present system, Laws feature extraction is applied
y using the Laws 2 mask as follows:

Laws2 =
1

12�1 0 − 1

2 0 − 2

1 0 − 1

 . �7�

Standard deviation computation of Eq. �6� is performed
fter the Laws mask filtering to complete the Laws feature
xtraction.

.4 K-Nearest Neighbors Classifier
he k-nearest neighbors algorithm �k-NN� is a method for
lassifying objects where classification is based on the
-closest training samples in the feature space. It is imple-
ented by the following steps:
1. Training: The training phase of the algorithm consists

nly of storing the feature vectors and class labels of the
raining samples. The space is partitioned into regions by lo-
ations and labels of the training samples. Three classes are
sed: background, nerve, and prostate gland.

2. Parameter selection: The best choice of the parameter
depends on the data, where larger values of k typically

educe the effect of noise on the classification but make
oundaries between classes less distinct. A parameter value of
=10 is empirically chosen �k varied from 4 to 12� for the
resent implementation of the k-nearest neighbors algorithm
or segmentation of the prostate images.

3. Classification scheme: After training the classifier and
electing the parameter k, the prostate image is segmented
ased on the three feature images forming the feature vector.
he Euclidean distances from the image feature vector to all
tored vectors are computed, and the k-closest samples are
elected. A point in the prostate image is assigned to the nerve
lass if it is the most frequent class label among the k-nearest
raining samples. After classification, the N-ary morphological
ostprocessing is applied to remove small voids in the final
esults.

.5 N-ary Morphological Postprocessing
he N-ary morphological postprocessing method for eliminat-

ng small misclassified regions proceeds in two steps.15 In the
rst step, pixels whose neighborhood consists entirely of one
lass in the classified image are left unchanged. Otherwise,
he pixel value is set to zero to indicate that the pixel is no
onger assigned to any class. In the second step, each unas-
igned pixel is assigned to the most prevalent class within the
-neighborhood surrounding the pixel.
ournal of Biomedical Optics 044033-

Downloaded from SPIE Digital Library on 03 Mar 2010 to 1
3 Results
OCT images were taken in vivo in a rat model using a clinical
endoscopic OCT system �Imalux, Cleveland, Ohio� based on
an all single-mode fiber �SMF� common-path interferometer-
based scanning system �Optiphase, Van Nuys, California�.
Mathcad 14.0 �Parametric Technology Corporation,
Needham, Massachusetts� was used for implementation of the
segmentation algorithm described earlier.

Figures 3�a�, 3�c�, and 3�e� show the original OCT images
of the cavernous nerves at different orientations �longitudinal,
cross-sectional, and oblique� coursing along the surface of the
rat prostate. Figures 3�b�, 3�d�, and 3�f� show the same OCT
images after segmentation using the system of Fig. 1. The
cavernous nerves could be differentiated from the prostate
gland using this segmentation algorithm.

The error rate was calculated by: Error��No. of error
pixels�/�No. of total pixels�, where �No. of error pixels���No.
of false-positives�No. of false-negatives�. The overall error
rate for the segmentation was 0.058 with a standard deviation
of 0.019, indicating the robustness of our technique. The error
rate was measured as a mean of error measurements for three
different sample images at different orientations �longitudinal,

Fig. 3 OCT images of the rat cavernous nerve: �a� and �b� longitudinal
section; �c� and �d� cross section; �e� and �f� oblique section. �a�, �c�,
and �e� Before; and �b�, �d�, and �f� after segmentation.
July/August 2009 � Vol. 14�4�3
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ross-sectional, and oblique�. A different image was used for
raining. The error rate was determined by comparing manu-
lly segmented images to the automatically segmented im-
ges. These manually segmented images of the cavernous
erves were previously created according to histologic corre-
ation with OCT images.12

Overall, the proposed image segmentation of Fig. 1 per-
ormed well for identification of the cavernous nerves in the
rostate. Areas that need improvement include the classifica-
ion of prostate gland in which there are a few small scattered
egions �shown in white� in the prostate that are erroneously
egmented as part of the nerves �e.g., Fig. 3�b��. For the
resent study, it was advantageous to manually vary the Ga-
or filter parameters so that the Gabor filter efficacy could be
irectly observed in the filtered images. Based on prior
nvestigations,13,16 the present results demonstrate the poten-
ial of our overall approach, although future work could in-
lude automation of Gabor filter parameter selection. Cross-
alidation, parameter optimization, and evaluation of
lternative classifiers could also be performed. Nevertheless,
ur current results provide a foundation for more comprehen-
ive studies.

Last, it should be noted that the rat model represents an
dealized version of the prostate anatomy because the cavern-
us nerve lies on the surface of the prostate and is therefore
irectly visible. However, in the human anatomy, there may
e intervening tissue between the OCT probe and the nerves,
aking identification more difficult. An important advantage

f the proposed classifier-based segmentation approach is that
he classifier should also be able to locate the cavernous nerve
hen it lies at various depths beneath the surface.

Conclusion
his algorithm for image segmentation of the prostate nerves
ay prove useful for implementation in clinical endoscopic
CT systems currently being studied for use in laparoscopic

nd robotic nerve-sparing prostate cancer surgery.
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Abstract – The cavernous nerves course along the prostate 
surface and are responsible for sexual function.  Optical nerve 
stimulation has recently been tested as a potential alternative 
to electrical nerve stimulation for identifying and preserving 
these delicate nerves during prostate cancer surgery.  
However, the optimal range of laser parameters for safe and 
consistent laser nerve stimulation is relatively narrow:  low 
level irradiation may not stimulate the nerve, while high level 
irradiation may result in thermal damage to the nerve and loss 
of erectile function.  The objective of this study is to design, 
build and provide preliminary data on testing of a laparoscopic 
probe capable of delivering a collimated, flat-top spatial beam 
profile to the nerve surface for uniform, safe, and reproducible 
irradiation of the nerve.  Chemical etching of the distal fiber 
optic tip in combination with an aspheric lens resulted in a 3.4-
mm-outer-diameter laparoscopic probe capable of delivering a 
collimated, 1-mm-diameter, flat-top laser beam over a working 
distance of about 20 mm.  Successful optical nerve stimulation 
using this probe was observed in a rat prostate model, in vivo.  
Upon further testing, this probe may be useful for identifying 
and preserving the cavernous nerves during laparoscopic 
nerve-sparing prostate cancer surgery. 
 
Index Terms – laser biomedical applications, thulium, nervous 
system, urinary system 
 

I.  INTRODUCTION AND BACKGROUND 
 
A.  Cavernous Nerves (CN) 

 
Preservation of the cavernous nerves (CN) during 

prostate cancer surgery is critical in preserving a man’s 
ability to have spontaneous erections following surgery.  
Because of the close proximity of the nerves to the prostate 
surface, they are at risk of injury during dissection and 
removal of a cancerous prostate gland.  Their microscopic 
nature also makes it difficult to predict the location and path 
of these nerves from one patient to another.  These 
observations may, in part, explain the wide variability in 
reported sexual potency rates (9-86%) following prostate 
cancer surgery [1].  Recent anatomic studies also suggest 
that the CN may have more extensive branching along the 
prostate surface than originally thought, and that our current 
understanding of the location, extent, and course of these 
nerves may be limited [2].  Improvements in identification 

of the CN during surgery would aid preservation of the 
nerves and improve post-operative sexual function, resulting 
in direct patient benefit. 

Our laboratory is currently studying optical nerve 
stimulation as a potential intra-operative diagnostic tool for 
improved identification of the CN.  The rat prostate serves 
as an excellent small animal model for preliminary study of 
the CN, as the rat CN is a large, visible, and distinct bundle 
allowing for easy identification.   

 
B.  Electrical Nerve Stimulation (ENS) 

 
Conventional Electrical Nerve Stimulation (ENS) of the 

CN is currently used in scientific studies to measure erectile 
response.  Intra-operative nerve mapping devices have also 
been used as surgical diagnostic tools to assist in 
preservation of the CN during nerve-sparing prostate cancer 
surgery [3].  However, these nerve mapping technologies 
have proven inconsistent and unreliable in identifying the 
CN and evaluating nerve function [4-8]. 

Electrical nerve stimulation has several general 
limitations.  First, ENS is limited by the need for physical 
contact between the electrode and the tissue, which may 
result in tissue damage.  Second, the spatial precision of 
ENS is limited by the electrode’s size.  Third, ENS produces 
artifacts that may interfere with measurement. 

 
C.  Optical Nerve Stimulation (ONS) 
 

Recently, Optical Nerve Stimulation (ONS) has been 
demonstrated using pulsed infrared lasers [9-13].  ONS 
offers several advantages over ENS, including: (1) a non-
contact method of stimulation, (2) improved spatial 
selectivity, and (3) elimination of stimulation artifacts.   

Our laboratory has previously reported successful ONS 
of the CN in a rat model, in vivo [14-16].  We are currently 
developing this technique as a potential intra-operative 
diagnostic method for identifying and preserving the CN 
during laparoscopic and robotic prostatectomy.  However, 
one limitation of this technique is that there is a relatively 
narrow range of parameters for nerve stimulation: a fluence 
less than ~ 0.35 J/cm2 does not produce a reliable response, 
while a fluence above ~ 0.6-1.0 J/cm2 results in nerve 
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damage upon repetitive stimulation [13,14].  Since the 
fluence at the fiber output end may decrease rapidly due to 
beam divergence, it is critical that the probe produce a 
collimated beam over a short working distance (e.g. several 
millimeters), so that a constant fluence corresponding to 
safe and reproducible stimulation can be achieved.  The 
nerve is a delicate tissue structure, so it may also be 
important that a flat-top beam profile be used to provide a 
uniform fluence across the nerve surface, and further avoid 
potential heat-induced nerve damage during laser 
stimulation.  

Preliminary work in our laboratory demonstrated that a 
collimated beam could be produced within the confines of a 
laparoscopic probe design [17].  This study extends this 
work further to include fiber optic beam shaping methods 
for converting the Gaussian beam profile to a flat-top beam 
profile.  The objective of this study is two-fold:  (1) to 
describe the design of a laparoscopic probe capable of 
delivering a small, collimated, flat-top beam over a short 
distance, and (2) to describe the preliminary testing of the 
probe in a rat cavernous nerve model, in vivo.   

 
II.  MATERIALS AND METHODS 

 
A.  Fiber Optic Beam Shaping 
 

A 200-µm-core, low-OH silica fiber with 0.22 NA 
(BFL22-200, Thorlabs, Newton, NJ), was used in these 
studies.  The core of the distal fiber tip was chemically 
etched with hydrofluoric acid (HFA) for 1 min at room 
temperature and then cleaned with distilled (DI) water. 
During the etching process, the fiber was surrounded by 
49% HFA diluted with DI water in a 1:4 ratio (acid/water).  
The central 100 µm of the fiber tip was chemically etched to 
a depth of approximately 2 µm. 

Computer simulations using fiber optic ray tracing 
software (RSoft Photonics CAD Suite Version 8.0.1., 
Ossining, NY), based on advanced finite difference beam 
propagation techniques, were used to help optimize the 
chemical etching conditions necessary to provide a flat-top 
spatial beam profile.   

 
B.  Laparoscopic Probe Design  
 

The laparoscopic probe consisted of several 
components (Figure 1).  A standard probe from an existing 
disposable laparoscopic instrument was used to house a 
miniature linear motorized stage (MM-3M-F-1, National 
Aperture, Salem, NH), capable of scanning a distance of 25 
mm for side-firing delivery.  The motorized stage was 
connected to a PC via USB connections and operated with 
Labview software.  A 30-cm-long, stainless steel rod (2.7-
mm-ID, 3.4-mm-OD, HTX-10R-24-05, Small Parts, Miami 
Lakes, FL), capable of being inserted through a standard 5-
mm-ID laparoscopic port was attached to the stage.  This 
rod housed the optics inside a quartz capillary tube (2.0-

mm-ID, 2.4-mm-OD, CV2024, Vitrocom, Mountain Lakes, 
NJ).  The optics consisted of an aspheric lens (2-mm-OD, 
350430-C, Thorlabs) and a 45o rod mirror (2-mm-OD, 
NT54-091, Edmund Optics, Barrington, NJ) with custom 
gold coating (International Micro Photonix, Tewksbury, 
MA).  The optical fiber was inserted into a glass ferrule 
(Vitrocom) for centering with the optics, and then glued into 
place inside the glass capillary tubing. 
 
 
 
 
 
 
 
 
 
 
 
 (a) 
 

 
 
 
 
 
 
 
 
 
 

 (b) 
 

 
Fig. 1.  Probe design: 
(a) Optical assembly; 
(b) Assembled probe; 
(c) Linear stage 

 
 
 
  
 (c) 
 
 
C.  Electrical Nerve Stimulation (ENS) Parameters 

 
Identification of the CN was first confirmed by 

electrical stimulation with simultaneous intracavernous 
pressure (ICP) measurements.  To assess ICP, the shaft of 
the penis was denuded of skin and the left crural region was 
cannulated with a 23-G needle connected via polyethylene 
tubing to a pressure transducer.  To electrically stimulate the 
CN, a bipolar electrode attached to a Grass Instruments S48 
stimulator was placed on top of the nerve. Stimulation 
parameters were 4 V for 30 s at a frequency of 16 Hz with a 
square wave duration of 5 ms.  An increase in ICP after 
electrical stimulation of the CN was detected by a data 
acquisition system, and the response parameters were 
analyzed with MATLAB software. 
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D.  Optical Nerve Stimulation (ONS) Parameters 
 

Optical stimulation of the CN was also performed with 
simultaneous ICP measurements.  ONS of the CN was 
conducted with a continuous-wave (CW) Thulium fiber 
laser (TLT-5, IPG Photonics, Oxford, MA)  operated at a 
wavelength of 1870 nm, corresponding to an optical 
penetration depth of about 400 µm in soft tissue, and chosen 
to match the rat CN diameter.  A function generator was 
used to modulate the CW laser and produce pulsed output. 
A 12.7-mm-focal-length calcium fluoride (CaFl) lens was 
used to focus the beam into the 200-µm fiber.  A visible, 
green aiming beam was coupled into the fiber to provide 
alignment with the nerve.  The fiber tip was kept fixed 2 cm 
from the CN surface, corresponding to a 1-mm-diameter 
spot (1/e2), as measured using a razor blade scan.  The ONS 
parameters used were: 3.7 mJ pulse energy, 0.4 J/cm2 
radiant exposure, 5-ms pulse duration, 20 Hz pulse rate, and 
1-mm-diameter laser spot, for a 60-s duration.  Figure 2 
shows the setup used in this study.   
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.  Diagram of experimental setup with fiber optic assembly 
for laser probe (left) and laser equipment (right). 
 
E.  Animal Surgical Preparation 

 
Four Sprague Dawley rats weighing 400-600 grams 

were anesthetized by intraperitoneal injection with 50 mg/kg 
sodium pentobarbital.  The rats were secured in the supine 
position and prepped for surgery.  The CN arising from the 
ipsilateral major pelvic ganglion situated dorsolateral to the 
prostate was exposed via a midline suprapubic incision and 
anterior pelvic dissection.   
 

III.  RESULTS 
 
A.  Fiber Optic Beam Shaping:  Computer Simulations 
 

Figure 3 shows the computer simulation results.  The 
laser beam propagates down the fiber with a Gaussian shape 
and then is transformed to a flat-top profile in free space 
after traveling beyond the chemically-etched fiber tip.  The 
aspheric collimating lens was placed at a distance of 
approximately 3.5 mm from the distal fiber tip, to capture 
this flat-top beam profile. 

 
 
 
 
 
 
 
 
 
 
 
  

Fig. 3.  Computer simulation shows transformation of laser spatial 
beam profile from Gaussian mode to flat-top mode, after the beam 
propagates beyond the chemically-etched distal fiber tip. 
 
B.  Fiber Optic Beam Shaping:  Experimental Results 

 
Figure 4 shows a direct comparison of spatial beam 

profiles for un-etched distal fiber tip used in Ref. 17, and 
chemically etched tip used in this study.  The un-etched tip 
approximates a Gaussian beam while the etched tip provides 
a more uniform flat-top beam profile.  This flat-top beam 
provides more uniform irradiation of the nerve surface and 
hence safer and more consistent optical nerve stimulation.  
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.  Comparison of spatial beam profiles after distal fiber tip for 
unetched (Gaussian) and chemically etched (flat-top) beams. 

 
Razor blade scans were also performed at different 

working distances from the fiber-lens assembly to measure 
the laser beam diameter.  We were able to achieve the 
targeted 1 mm (1/e2) spot diameter and obtain collimation of 
this beam (to within 10% variation) over a distance of about 
20 mm, as shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.  Beam diameter as a function of working distance (WD).  
The beam remains at 1 mm diameter (over WD of about 20 mm). 
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C.  Laparoscopic Probe Assembly 
 

Table 1 provides a summary of the optical losses 
through the experimental laser setup and laparoscopic probe 
optical components.  The transmission rate out of the probe 
measured approximately 64%.  The largest source of losses 
was the cold mirror used to couple in a green aiming beam 
into the probe.  Due to the relatively uncommon wavelength 
range of 1850-1880 nm, it was not possible to reduce 
reflection losses using standard AR coatings.   

 
TABLE I 

PROBE TRANSMISSION LOSSES  
 
Optical Component Losses (%) 
Laser System 

Cold Mirror: - 11.9 
Focusing Lens: - 5.8 
Optical Fiber: - 7.9 

Probe 
Aspheric Lens: - 4.5 
Rod Mirror + Tubing: - 6.0 

Transmission (%): 63.9 
 
D.  Optical Nerve Stimulation (ONS) 
 

Preliminary testing of the ONS probe was conducted in 
a rat model, in vivo.  Figure 6 shows the ICP response of the 
CN to optical and electrical stimulation for a period of 60 s.  
ICP increased from a baseline of 17 mmHg to 38 mmHg for 
ONS.  ENS was conducted soon after ONS, with a similar 
robust ICP response, to demonstrate that the CN did not 
experience any laser-induced thermal damage.  ONS was 
repeated in four rats with periodic ENS conducted to verify 
that the laser irradiation parameters were safe. 
 
 
 
 
 
 
 
 
 
 (a) 
 
 
 
 
 

 
 
 

  

 (b) 
 

Fig. 6.  Comparison of (a) optical and (b) electrical stimulation of 
the rat cavernous nerves. 

IV.  DISCUSSION 
 

There is a wide variability in reported sexual potency 
rates following prostate cancer surgery, due, in part, to the 
difficulty in preserving the CN during surgery.  Any 
technologies that can assist in identification and 
preservation of the CN during surgery may lead to direct 
patient benefit.  Optical technologies are ideally suited for 
use in intra-operative surgical guidance because laser 
radiation may be delivered through small, flexible optical 
fibers and easily integrated into surgical instruments for use 
in laparoscopic and robotic nerve-sparing prostate cancer 
surgery. 

However, a major limitation of optical nerve 
stimulation is that the window for successfully stimulating 
the nerve without causing irreversible thermal damage, is 
relatively narrow.  For example, a fluence less than ~ 0.35 
J/cm2 does not produce a reliable response, while a fluence 
above ~ 0.6-1.0 J/cm2 may result in increased probability of 
nerve damage upon long-term, repetitive stimulation 
[13,14].  Since the fluence at the fiber output end may 
decrease rapidly due to beam divergence, it is critical that 
the probe produce a collimated beam over a short working 
distance (e.g. several millimeters), so that a constant fluence 
corresponding to safe and reproducible stimulation can be 
achieved.  It may also be important that a flat-top beam 
profile be used to provide a uniform fluence across the 
surface of the nerve, to further avoid heat-induced nerve 
damage during optical stimulation.  

The purpose of this study was to design, build, and test 
a prototype laparoscopic laser nerve stimulation probe, 
capable of delivering a small, collimated, flat-top spatial 
beam profile for uniform stimulation of the rat cavernous 
nerves.  Safe and reproducible optical stimulation of the rat 
cavernous nerve was demonstrated on the first attempt by 
aiming the laser beam at any region of the exposed nerve. 

However, there are several limitations of this study that 
should be discussed.  First, while the rat prostate is the 
standard small animal model for studies of the cavernous 
nerves, this model still represents an idealized version of the 
prostate anatomy.  Unlike the human prostate, the rat 
cavernous nerves are easily visible on the prostate surface.  
Further testing of our probe will be needed in a larger 
animal model, such as the canine prostate, which more 
closely resembles that of the human prostate. 

Second, while the beam shaping method applied in this 
study resulted in a significant improvement in the 
uniformity of the spatial beam profile, a perfect “tophat” 
spatial beam profile was not achieved.  Further reduction in 
the wings of the flat-top beam would provide even more 
uniform irradiation of the nerve surface during optical 
stimulation.  At this time, however, it is unclear if further 
modifications of the probe optics are warranted, as 
preliminary rat studies demonstrated safe and reproducible 
optical nerve stimulation. 
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Third, while ONS is capable of producing ICP 
responses similar in magnitude to ENS, the temporal ICP 
response during ONS varies and may be delayed in 
comparison with ENS.  This slower ICP response during 
ONS may be dependent on the laser pulse repetition rate. 
The laser pulse rate may therefore be increased so that 
sufficient laser energy for stimulation is delivered to the 
nerve over a shorter time period.  However, there is a 
practical limit to increasing the pulse rate before the onset of 
thermal damage to the nerve.  These conditions need to be 
explored in more detail. 

Finally, during this study, analysis of thermal damage 
to the nerve after laser nerve stimulation was based on nerve 
function.  Specifically, the ability to achieve a strong ICP 
response repeatedly with conventional electrical nerve 
stimulation immediately after laser stimulation was our 
primary source of feedback.  In future studies, once the 
large matrix of laser nerve stimulation parameters and probe 
configurations have been fully optimized, histological 
analysis of the CN will need to be performed, as a more 
rigorous indicator of thermal damage.  Chronic rat studies to 
determine whether there are any delayed thermal effects to 
the nerve will also need to be conducted. 

 
V.  CONCLUSION 

 
A 3.4-mm-OD laparoscopic probe capable of fitting 

through a standard 5-mm-ID laparoscopic port, and capable 
of delivering a collimated, 1-mm-diameter, flat-top laser 
beam over a working distance of approximately 20 mm was 
designed, and then successfully tested for optical 
stimulation of the cavernous nerves in a rat prostate model, 
in vivo.  This probe may be useful for noncontact optical 
stimulation of the cavernous nerves during nerve-sparing 
laparoscopic prostate cancer surgery.    
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ABSTRACT

The cavernous nerves course along the surface of the prostate and are responsible for erectile function. Im-
provements in identification, imaging, and visualization of the cavernous nerves during prostate cancer surgery
may improve nerve preservation and postoperative sexual potency. In this study, 2-D OCT images of the rat
prostate were segmented to differentiate the cavernous nerves from the prostate gland. Three image features
were employed: Gabor filter, Daubechies wavelet, and Laws filter. The features were segmented using a nearest-
neighbor classifier. N-ary morphological post-processing was used to remove small voids. The cavernous nerves
were differentiated from the prostate gland with a segmentation error rate of only 0.058± 0.019.

1. INTRODUCTION

The cavernous nerves, which are responsible for erectile function, course along the prostate surface and vary in
size and location among patients, making identification and preservation of the nerves difficult during removal
of a cancerous prostate gland during prostate surgery.1 Optical coherence tomography (OCT) has recently
been tested for imaging of the cavernous nerves in the rat and human prostate.2–4 However, improvements in
identification of the cavernous nerves are necessary prior to clinical use. We recently applied denoising techniques
to improve the quality of OCT images.5,6 In this study, two-dimensional (2D) image segmentation is investigated
to differentiate the nerves from the prostate gland.

2. SEGMENTATION SYSTEM

A block diagram of the segmentation system is provided in Fig. 1. The input image f(x, y) is first processed
to form three feature images. The features are generated by Gabor filtering, Daubechies wavelet transform, and
Laws filter mask, respectively. The prostate image is then segmented into nerve, prostate, and background classes
using a k -nearest neighbors classifier and the three feature images. Finally, N-ary morphological post-processing
is used to remove small voids.

The first feature image is generated by a Gabor filter.7 The Gabor feature center frequency of (0.2, 0.2)
cycles/pixel, is applied with standard deviations of 3 and 6 in the x and y directions, respectively, based on
experimental observation of minimum segmentation error. The second feature is generated by 8-tap Daubechies
orthonormal wavelet transform. The third feature is generated by Laws feature extraction method.8 Laws feature
extraction is applied by using the Laws 2 mask. Standard deviation is performed after the Laws mask filtering
to complete Laws feature extraction.

The k -nearest neighbors algorithm (k -NN) is a method for classifying objects where classification is based
on the k closest training samples in the feature space. A parameter value of k = 10 is empirically chosen for
the present implementation of the k -nearest neighbors algorithm for segmentation of the prostate images. The
prostate image is segmented based on the three feature images forming the feature vector. The Euclidean distance
from the image feature vector to all stored vectors are computed, and the k closest samples are selected. A point
in the prostate image (cross) is assigned to the nerve class (triangle) if it is the most frequent class label among
the k nearest training samples, as shown in Fig. 2. After classification, the N-ary morphological post-processing
is applied to remove small voids in the final results.9
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E-mail: schitchi@uncc.edu, Telephone: 1 704 687 8152, Fax: 1 704 687 8197



Figure 1. System block diagram. Input image f(x,y) is processed into 3 feature images: Gabor filtered image, 8-tap
Daubechies wavelet sub-band, and Laws feature. The features are classified by a k -nearest neighbors classifier into 3
classes: background, nerve, and prostate gland. Finally, an N-ary morphological close and open functions are applied,
generating the final output segmented image s(x,y).

Figure 2. Example of k -nearest neighbors classification. If k = 3, a point in the prostate image (cross) is classified to the
nerve class (triangle) because there are two triangles and only one square (other class) inside the inner circle. If k = 5, a
point in the prostate image (cross) is classified to the square class.

3. RESULTS

OCT images were taken in vivo in a rat model using a clinical endoscopic OCT system (Imalux, Cleveland, OH)
based on an all single-mode fiber (SMF) common-path interferometer-based scanning system (Optiphase, Van
Nuys, CA). Mathcad 14.0 (Parametric Technology Corporation, Needham, MA) was used for implementation of
the segmentation algorithm described above.

Fig. 3(a,c,e) shows the original OCT images of the cavernous nerves at different orientations (longitudinal,
cross-sectional, and oblique) coursing along the surface of the rat prostate. Fig. 3(b,d,f) shows the same OCT
images after segmentation using the system of Fig. 1. The cavernous nerves could be differentiated from the
prostate gland using this segmentation algorithm.

The overall error rate for the segmentation was 0.058±0.019 which indicates the robustness of our technique.
This error rate was obtained by manually creating segmented images and comparing it to the automatic segmen-
tation. Manually segmented images of the cavernous nerves were previously evaluated according to histologic
correlation with OCT images.5

4. DISCUSSION

Overall, the proposed image segmentation of Fig. 1 performed well for identification of the cavernous nerves in
the prostate. Areas that need improvement include the classification of prostate gland in which there are few
small scattered regions (shown in white) in the prostate that are erroneously segmented as part of the nerves
(e.g. Fig. 3b). To address this limitation a region-based image segmentation method could be used.



Figure 3. OCT images of the rat cavernous nerve: (a,b) Longitudinal section; (c,d) Cross-section; (e,f) Oblique section.
(a,c,e) before; (b,d,f) after segmentation.



It should also be noted that the rat model represents an idealized version of the prostate anatomy because
the cavernous nerve lies on the surface of the prostate, and is therefore directly visible. However, in the human
anatomy, there may be intervening tissue between the OCT probe and the nerves, making identification more
difficult. An important advantage of the proposed classifier-based segmentation approach is that the classifier
should also be able to locate the cavernous nerve when it lies at various depths beneath the surface.

5. CONCLUSION

This algorithm for image segmentation of the prostate nerves may prove useful for implementation in clinical
endoscopic OCT systems currently being studied for use in laparoscopic and robotic nerve-sparing prostate cancer
surgery.
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ABSTRACT 
 

Optical imaging systems utilizing near-infrared light sources such as optical coherence tomography (OCT) have 
recently been used for imaging the prostate gland.  However, the optimal wavelength for deep imaging of the 
prostate has yet to be determined.  The objective of this study is to determine the optimal near-infrared wavelength 
for OCT imaging of the prostate using a system that has the potential to be used in an in vivo model.  An oblique-
incidence single point measurement technique using a normal-detector scanning system was implemented to 
determine the absorption (μa) and reduced scattering coefficients (μ′s) of fresh canine prostate tissue, ex vivo, from 
the diffuse reflectance profile of near-IR light as a function of source-detector distance.  The effective attenuation 
coefficient (μeff) and optical penetration depth (OPD) were then calculated for near-IR wavelengths of 1064, 1307, 
and 1555 nm.  A total of ten canine samples were used for this study.  At wavelengths of 1064, 1307, and 1555 nm, 
the mean absorption coefficients measured 0.08 + 0.03, 0.12 + 0.04, and 0.23 + 0.09 cm-1, respectively.  The mean 
reduced scattering coefficients measured 16.60 + 0.95, 14.30 + 1.14, and 10.98 + 2.35 cm-1.  The effective 
attenuation coefficients were calculated to be 2.00, 2.28, and 2.78 cm-1, yielding OPD’s of 0.5, 0.44, and 0.36 cm at 
1064, 1307, and 1555 nm.  OCT imaging studies of the prostate may benefit from replacement of commonly used 
1310 nm broadband light sources with 1064 nm sources. 
 
Key Words: optical properties, diffuse reflectance spectroscopy, prostate, optical coherence tomography, OCT 

 
1.  INTRODUCTION 

 
Near-infrared wavelength light sources are commonly used in optical coherence tomography (OCT) of the prostate 
gland [1-5].  While the optical properties of prostate tissue at visible (600 nm's) and near-visible (700 nm's) 
wavelengths are well characterized due to interest in photodynamic therapy for prostate cancer [6-9], the optimal 
wavelength for deep penetration of near-IR light into prostate tissue for OCT of the prostate gland has yet to be 
determined.  Knowledge of the optical properties of prostate tissue at these near-IR wavelengths would provide 
critical data for optimization of OCT systems.  The optical properties of interest are the absorption coefficient, µa, 
and the scattering coefficient, µs.  The reduced scattering coefficient, µ′s, is composed of the product µs(1-g), where 
g is the anisotropy factor defined as the average cosine of the scattering angle.  An increase in either µa or µ′s 
increases the attenuation of light, thus decreasing penetration depth. 
 
The most common technique for measuring optical properties of biological tissues is the double integrating-sphere 
technique.  However, this technique is invasive and requires the removal of a thin slice of tissue [10].  Time-
resolved spectroscopy has also been used but requires expensive laser instrumentation [9].  Another technique is 
normal-incidence or oblique-incidence reflectometry [11,12].  This technique, which is based on diffusion theory, 
provides a simple, inexpensive, and noninvasive method to determine tissue optical properties.  Marquez et al. [11] 
utilized oblique-incidence fiber-optic reflectometry and Joshi et al. [12] applied normal-incidence reflectometry 
using a steady-state imaging technique.  In this paper, an oblique-incidence single point measurement technique with 
a normal-detector scanning system is designed to resolve the spatial distribution of diffuse reflectance.  Then, using 
a Levenberg-Marquardt algorithm, the absorption and reduced scattering coefficients are calculated by fitting the 
measurement to the modified dipole source diffusion-theory model. 
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The objective of this study is to determine the optimal near-IR wavelength for OCT imaging of the prostate gland 
using a system that has the potential to be used in an in vivo animal and human model in the near future.  We 
determine the optical properties µa, µ′s, and µeff of canine prostate tissue at wavelengths of 1064 nm, 1307 nm, and 
1555 nm, in which broadband light sources for OCT imaging are commonly available.   

 
2.  MATERIALS AND METHODS 

 
When light enters a semi-infinite tissue, it will generally scatter a multiple times before either being absorbed or 
exiting the tissue surface at a point other than its point of entry.  Diffuse reflectance is the multiply scattered light 
which escapes the tissue surface.  Resolving the optical properties of tissue from diffuse reflectance is a simple 
approach.  We utilize a simple two-source diffusion theory model of spatially resolved, steady-state diffuse 
reflectance for this purpose [13].  It is easier to model isotropic scattering than anisotropic scattering, so the reduced 
scattering coefficient µ′s is introduced as, 

( )1s s gµ µ= −′       (1) 

where µs is the scattering coefficient and g is the average cosine of the scattering angle. 
 

The modified dipole source diffusion-theory model gives diffuse reflectance as [11] 
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Our experimental setup, shown in Figure 1, consists of a sample holder for the prostate tissue, an InGaAs detector 
(PDA400, Thorlabs, Newton, NJ) aligned normal to the tissue surface, a 25.4-mm-focal-length plano-convex lens 
(Thorlabs) mounted in a lens tube for collecting the light from a 0.1 mm point of the tissue surface in each scan, a 
digital oscilloscope (TDS 2002B, Tektronix, Beaverton, OR) to record the measured data by detector, linear 
actuators (850G, Newport, Irvine, CA) for scanning the detector along the tissue surface, a motion controller 
(ESP300, Newport) for controlling the linear actuators, 1064 nm, 1307 nm, and 1555 nm laser diodes (QFLD, 
Qphotonics, Ann Arbor, MI), a laser diode controller (6000, Newport) for operating the laser diodes and a 35.0-mm 
plano-convex lens (Thorlabs) to illuminate a single point on the tissue surface.  The experiment was automated 
using LabVIEW software (National Instruments, Austin, TX).  The prostate surface was sufficiently large to assume 
the sample to be semi-infinite with no light reflected at the boundaries. 
 



 
 
Figure 1.  Experimental setup. The prostate tissue is 
illuminated with a narrow beam of light at an incident angle 
on its surface and the radiant emittance is measured as a 
function of distance to the point of illumination. 
 
 

Our measurement method consisted of the following 
two steps: 

 
1. The prostate sample was illuminated with a 

focused beam of light, 0.5 mm (1/e2) diameter, at 
each wavelength with the incident angle of αi=60˚ 
onto its surface and the radiant emittance was 
measured as a function of distance to the point of 
illumination.  The focal area of the detector which 
collects the light was 1 mm diameter.  The setup 
was designed to collect reflective light from an 
area of 0.1 mm diameter.  The detector was 
scanned on a 10 mm line across the tissue surface 
at a normal angle with a resolution of 0.1 mm.  
Therefore, 100 points were collected and the last 
90 points were used for fitting the raw data and the 
theory, because the diffusion theory does not 
accurately model near diffuse reflectance [11].  
The radiant emittance was divided by a calibrated 
scale factor of the light source intensity to obtain 
diffuse reflectance. 

 
2. The absorption and reduced scattering coefficients 

were calculated by fitting the measurement to the 
diffuse reflectance, Eq. 2, using the Levenberg-
Marquardt algorithm.  Figure 2 shows an example 
of fitting between the measurement and the theory 
in one scan sample.  The effective attenuation 
coefficient and Optical Penetration Depth (OPD) 

were calculated by ( )3eff a a sµ µ µ µ′= +  and 

1

eff

OPD
µ

= , respectively. 

The canine prostate was chosen for these preliminary studies because it represents the best large animal model for 
simulating the human prostate gland, and has been commonly used in previous optical property studies [6,7,14].   
Canine prostate glands were harvested from dogs sacrificed for unrelated experiments.  The samples were then 
stored in saline in a refrigerator and used within 24 hours of collection.  Prior to use, the prostate samples were 
sectioned into dimensions of 4 × 3 cm with a thickness of 1.5 cm.  The sectioned tissue samples were kept hydrated 
with saline to mimic the normal water content of prostate tissue, in vivo.  The optical properties, µa and µ′s, of 10 
fresh canine prostate tissue samples were measured, ex vivo, at 1064 nm, 1307 nm, and 1555 nm.   

 
 

3.  RESULTS 
 

Results of the optical property measurements are presented in Table 1.  The mean values of coefficients for these 
samples were calculated to determine the effective attenuation coefficient, µeff, and OPD.  Since Oraevsky and 
Jacques (Appendix, Ch. 8) [10] and Nau et al. [14] previously reported the optical properties of canine prostate 
tissue at 1064 nm, we used their results as a reference to validate our method.  Their coefficients were reported as 
µa=0.04 and 0.27 cm-1, and µ′s=13 and 17.6 cm-1, respectively, compared to our measurements of µa=0.08 cm-1, and 
µ′s=16.6 cm-1.  Thus, for the 1064 nm wavelength, our results fall within the range of previously reported values.  
 
 



Table 1.  Summary of canine prostate optical properties. 
 

Coefficients (cm-1) Sample No. 1064 nm 1307 nm 1555 nm 

 1 16.24 14.54 11.59 

 2 16.50 14.51 9.84 

 3 17.25 16.58 13.87 

 4 18.10 15.57 14.44 

 5 15.28 14.02 9.86 

μ′s 6 17.62 14.21 12.52 

 7 17.16 13.07 9.25 

 8 15.86 14.38 8.55 

 9 15.31 13.05 7.37 

 10 16.66 13.05 12.50 

 Mean 16.60 14.30 10.98 

 σ 0.95 1.14 2.35 

 1 0.11 0.10 0.18 

 2 0.08 0.13 0.20 

 3 0.06 0.07 0.20 

 4 0.07 0.07 0.10 

 5 0.12 0.11 0.23 

μa 6 0.04 0.12 0.15 

 7 0.03 0.22 0.24 

 8 0.12 0.13 0.40 

 9 0.12 0.13 0.27 

 10 0.08 0.15 0.33 

 Mean 0.08 0.12 0.23 

 σ 0.03 0.04 0.09 

μeff Mean 2.00 2.28 2.78 

OPD Mean 0.50 0.44 0.36 

 
 
The values of µa and µ′s showed significant differences between 1064 nm, 1307 nm, and 1555 nm.  A paired t-test 
was performed for comparison of different wavelengths, with statistical significance given by values of P < 0.05.  
Comparison of 1064 nm to 1307 nm resulted in P values of 0.0001 and 0.0325 for µ′s and µa, respectively.  
Comparison of 1307 nm to 1555 nm yielded P values of 0.0008 and 0.0026 for µ′s and µa, respectively.  All of these 
values are considered to be statistically significant. 

 



4.  DISCUSSION 
 

The results of this study suggest that future OCT prostate imaging studies may benefit from replacement of 
commonly used 1310 nm broadband light sources with 1064 nm sources. The reduced scattering coefficient, µ′s, 
decreased with increasing wavelengths, predominantly because of the strong wavelength dependence of Rayleigh 
scattering.  Conversely, the absorption coefficient increased at longer wavelengths due to increased water 
absorption.  At longer wavelengths, increased water absorption outweighed decreased scattering in the tissue and 
resulted in a reduced optical penetration depth. 
 
We also compared the optical penetration depth for ex vivo canine prostate at 633 nm and 1064 nm according to the 
optical property coefficients reported by Nau et al. [14].  The OPDs were calculated as 0.14 cm and 0.26 cm at 633 
nm and 1064 nm, respectively, demonstrating that 1064 nm has greater penetration depth than shorter visible 
wavelengths, such as 633 nm. 

 
However, it should be noted that Zhu et al. reported significantly greater penetration depths for canine and human 
prostate at 732 nm [7,8].  Although we did not perform experiments at 732 nm, the trends in our results at longer 
near-infrared wavelengths, combined with those results reported by Nau et al. [14] at 633 nm do not support the 
penetration depths reported by Zhu et al. [7].  Future studies may need to address these differences in more detail. 

 
Finally, it should be noted that there are some errors in the fitting process used for the diffusion model, shown in 
Figure 2.  However, in comparison to the steady-state imaging technique [12], the robustness and reliability of our 
technique appears to be an improvement. 

 
 
Figure 2.  The absorption and reduced scattering coefficients are calculated by fitting the measurement to the diffuse reflectance. 

 
 

5.  CONCLUSIONS 
 

The optical properties µa, µ′s, µeff, and OPD of ex vivo canine prostate tissue at wavelengths of 1064 nm, 1307 nm, 
and 1555 nm were determined by utilizing a simple two-source diffusion theory model of spatially resolved, steady-
state diffuse reflectance.  Knowledge of these optical properties is essential for the development of optimized optical 
coherence tomography systems for deep imaging of the prostate.  The results of this study suggest that OCT prostate 
imaging studies may benefit from replacement of commonly used 1310 nm broadband light sources with 1064 nm 
sources.  Future studies will focus on miniaturization of the experimental setup for potential use in in vivo studies, 
and decreasing uncertainties and errors in the measurement process for the technique. 
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ABSTRACT 
 
The cavernous nerves (CN) course along the prostate surface and are responsible for erectile function. Improved 
identification and preservation of the CN’s is critical to maintaining sexual potency after prostate cancer surgery.  
Noncontact optical nerve stimulation (ONS) of the CN’s was recently demonstrated in a rat model, in vivo, as a 
potential alternative to electrical nerve stimulation (ENS) for identification of the CN’s during prostate surgery. 
However, the therapeutic window for ONS is narrow, so optimal design of the fiber optic delivery system is critical 
for safe, reproducible stimulation.  This study describes modeling, assembly, and testing of an ONS probe for 
delivering a small, collimated, flat-top laser beam for uniform CN stimulation.  A direct comparison of the 
magnitude and response time of the intracavernosal pressure (ICP) for both Gaussian and flat-top spatial beam 
profiles was performed. Thulium fiber laser radiation (λ=1870 nm) was delivered through a 200-µm fiber, with 
distal fiber tip chemically etched to convert a Gaussian to flat-top beam profile. The laser beam was collimated to a 
1-mm-diameter spot using an aspheric lens. Computer simulations of light propagation were used to optimize the 
probe design.  The 10-Fr (3.4-mm-OD) laparoscopic probe provided a constant radiant exposure at the nerve 
surface. The probe was tested in four rats, in vivo.  ONS of the CN’s was performed with a 1-mm-diameter spot, 5-
ms pulse duration, and pulse rate of 20 Hz for a duration of 15-30 s.  The flat-top laser beam profile consistently 
produced a faster and higher ICP response at a lower radiant exposure than the Gaussian beam profile due, in part, to 
easier alignment of the more uniform beam with nerve.  With further development, ONS may be used as a 
diagnostic tool for identification of the CN’s during laparoscopic and robotic nerve-sparing prostate cancer surgery.   
 
Key Words:  optical stimulation, nerve, prostate, cavernous nerves, neurovascular bundle 
 

1.  INTRODUCTION 
 
The cavernous nerves (CN) are responsible for erectile function.  Variation in size and anatomic location of the 
CN’s among patients makes nerve preservation difficult during prostate cancer surgery.  As a result, there is wide 
variability in sexual function rates (9-86%) following prostate surgery [1].  Any technology capable of improved 
identification and preservation of the CN’s would result in improved sexual function and direct patient benefit. 
 
Recently, optical nerve stimulation (ONS) has been demonstrated using pulsed infrared lasers [2].  ONS offers 
several advantages over electrical nerve stimulation (ENS), including: (1) a non-contact method of stimulation, (2) 
improved spatial selectivity, and (3) elimination of stimulation artifacts.   
 
We have recently demonstrated successful ONS of the CN’s in a rat model, in vivo [3].  This technique may have the 
potential to be used as an alternative method to ENS as a diagnostic tool for identifying and preserving the CN’s 
during prostate surgery.  However, a major limitation of ONS is that a narrow range of radiant exposures is 
necessary for safe, reproducible nerve stimulation.  Radiant exposures less than ~ 0.35 J/cm2 may not produce a 
reliable and a consistent ICP response, while higher radiant exposures of ~ 0.6-1.0 J/cm2 may result in nerve damage 
with repetitive stimulation [3,4].  The laser beam diverges rapidly after exiting the fiber, making the beam diameter 
highly dependent on working distance. Therefore, it is critical that an ONS probe produce a collimated beam over a 
short working distance to provide a constant radiant exposure corresponding to safe, reproducible nerve stimulation.  
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Preliminary work in our laboratory reported the design of an ONS probe with a collimated beam [5], and included 
fiber optic beam shaping methods for converting the Gaussian to flat-top beam profile with preliminary testing of 
the probe in a rat cavernous nerve model, in vivo [6]. 
 
The objective of this study is to directly compare the magnitude and response time of ICP as a function of radiant 
exposure for the Gaussian and flat-top spatial beam profile in a rat cavernous nerve model, in vivo.  An ONS probe 
design capable of producing a fast and strong ICP response at a low radiant exposure would make the use of ONS 
more attractive as a diagnostic tool during laparoscopic and robotic nerve-sparing prostate cancer surgery. 
 

2.  MATERIALS AND METHODS 
 
A 200-µm-core, low-OH silica optical fiber (BFL22-200, Thorlabs, Newton, NJ) with a 0.22 NA was used in these 
studies. The core of the distal fiber tip was etched with hydrofluoric (HF) acid for 1 min at room temperature and 
then cleaned with distilled (DI) water. During the acid etching process, the fiber was surrounded by 49% HF acid 
diluted with DI water in a 1:4 ratio (acid/water). The central 100 µm of the fiber tip was chemically etched to a 
depth of approximately 2 µm. 
 
Computer simulations using fiber optic ray tracing software (RSoft Photonics CAD Suite Version 8.0.1.), based on 
advanced finite difference beam propagation techniques, were used to help optimize the chemical etching conditions 
necessary to provide a flat-top spatial beam profile.   
 
A 5.5-Watt Thulium fiber laser (TLT-5, IPG Photonics, Inc, Oxford, MA) with tunable wavelength range of 1850-
1880 nm was used for ONS in these studies. An aspheric lens (2-mm-OD, 350430-C, Thorlabs) and glass ferrule 
(Vitrocom, Mountain Lakes, NJ) were glued into place inside a quartz capillary tube (2.0-mm-ID, 2.4-mm-OD, 
CV2024, Vitrocom).  Either an un-etched or etched 200-µm-core low-OH silica optical fiber (BFL22-200, Thorlabs) 
with 0.22 NA were inserted into a glass ferrule (Vitrocom) for centering with the optics, and then glued into place 
inside the glass capillary tubing. A green aiming beam for alignment and the infrared laser beam were coupled into a 
200-µm-core-diameter fiber by using a 12.7-mm-focal-length calcium fluoride lens. Figure 1 provides a diagram of 
the experimental setup and details of the optical components. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.  Diagram of experimental setup with fiber optic assembly for probe (left) and laser (right). 

 
 

3.  RESULTS 
 
Figure 2 shows the computer simulation results in both 2D and 3D formats. The laser beam propagates down the 
fiber with a Gaussian shape and then the beam is transformed to a flat-top profile in free space after traveling 
through the chemically-etched fiber tip.  The aspheric collimating lens is placed at a distance of approximately 3.5 
mm from the distal fiber tip, to capture and collimate this flat-top beam profile. 
 



          
 
 
 
 
 
 
 
 
 
 
 
 
 

 (a) (b) 
 

Figure 2.  Computer simulation shows transformation of laser spatial beam profile from Gaussian mode to flat-top mode in (a) 
2D cross-section and (b) 3D after the beam propagates through the chemically-etched distal fiber tip. 
 
The beam diameter was measured by performing razor blade scans at different distances from the output end of the 
probe.  An approximately 1 mm (1/e2) spot diameter and collimated beam was obtained over a working distance of 
15-30 mm for both the (a) Gaussian (b) and flat-top probes (Figure 3).  
 
 
 
 
 
 
 
 
        

  
 (a) (b) 
 
Figure 3. Beam diameter of Gaussian (a) and Flat-top (b) probes as a function of working distance. The spot diameters remain at 
approximately 1 mm diameter over a working distance of 15-30 mm. 
 
A direct comparison of the beam profiles for the un-etched and chemically etched fibers is shown in Figure 4.  The 
un-etched fiber tip produces a Gaussian beam profile and the etched tip provides a relatively more uniform intensity 
distribution on the nerve surface as a flat-top spatial beam profile. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Comparison of spatial beam profiles at the distal fiber tip of un-etched and chemically etched fibers. 
 
The spatial beam profiles at the output end of the (a,b) Gaussian and (c,d) flat-top probes are shown in Figure 5.  
The 2D and 3D images were acquired with an infrared beam analyzer (Pyrocam III, Spiricon, Logan UT). 
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 (a)                   (b) (c) (d) 
 
Figure 5.  Spatial beam profiles taken with an infrared beam analyzer:  (a,b) Gaussian and (c,d) Flat-top spatial beam profiles. 
 
Plots of the ICP response for the cavernous nerve for both Gaussian (a) and flat-top (b) spatial beam profiles as a 
function of radiant exposure are shown in Figure 6. The ONS parameters used in Figure 6a were 5-ms pulse 
duration, 20 Hz, and 1-mm-diameter laser spot, for a 30 s duration. In Figure 6b, the OSN parameters used were 5-
ms pulse duration, 20 Hz, and about 1-mm-diameter laser spot, for a 15 s duration.  The longer stimulation time in 
Figure 6a was necessary due to the weaker and slower ICP response time of the Gaussian beam profile.  Faster and 
higher ICP responses of the CN were obtained at a lower radiant exposure for the flat-top versus the Gaussian beam 
profile.  This may be due, in part, to improved alignment of a flat-top beam with the nerve by providing a more 
uniform intensity distribution across the nerve surface. 
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 (b) 

 
Figure 6.  Comparison of (a) Gaussian and (b) flat-top spatial beam profiles for optical stimulation of the rat cavernous nerves as 
a function of radiant exposure.  The magnitude of the ICP increases and the response time decreases as the radiant exposure is 
increased for both beam profiles.  However, by comparison, the ICP response is significantly higher and faster for the flat-top 
beam profile at lower radiant exposures than for the Gaussian beam profile.  



4.  DISCUSSION 
 
There is a wide variability in reported sexual potency rates following prostate cancer surgery, due, in part, to the 
difficulty in preserving the CN during surgery.  Any technologies that can assist in identification and preservation of 
the CN during surgery may lead to direct patient benefit. 
 
This study compares probes producing Gaussian and flat-top spatial beam profiles for ONS of the CN’s in a rat 
model, in vivo.  Both laparoscopic probes delivered a 1-mm-diameter, collimated beam at a working distance of 
about 20 mm from the CN.  For the same laser parameters (pulse duration = 5 ms, pulse rate = 20 Hz), the flat-top 
beam profile produced a faster and higher ICP response at a lower radiant exposure than the Gaussian beam profile.   
 
There are several limitations of this study that should be discussed.  First, while the rat prostate is the standard small 
animal model for cavernous nerve studies, this model represents an idealized version of the prostate anatomy.  
Unlike the human prostate, the rat cavernous nerves are easily visible on the prostate surface.  Further testing of our 
probe will be needed in a larger, canine prostate model which more closely resembles the human prostate. 
 
Second, while the beam shaping method applied in this study resulted in a significant improvement in the uniformity 
of the spatial beam profile, a perfect “tophat” spatial beam profile was not achieved.  Further reduction in the wings 
of the flat-top beam would provide even more uniform irradiation of the nerve surface during optical stimulation. 
 
Finally, analysis of thermal damage to the nerve after laser nerve stimulation was based on nerve function in this 
study.  Specifically, the ability to achieve a strong ICP response repeatedly with conventional electrical nerve 
stimulation immediately after laser stimulation was our primary source of feedback.  In future studies, once the large 
matrix of laser nerve stimulation parameters and probe configurations have been fully optimized, histological 
analysis of the CN will need to be performed, as a more rigorous indicator of thermal damage.  Chronic rat studies to 
determine whether there are any delayed thermal effects to the nerve will also need to be conducted. 
 

5.  CONCLUSIONS 
 
A 3-mm-OD laparoscopic probe capable of delivering a collimated, 1-mm-diameter, flat-top laser beam was 
designed and successfully tested for optical nerve stimulation.  This probe produced a faster and higher ICP 
response in the rat CN at a lower radiant exposure than for a standard probe with a Gaussian beam profile.  With 
further development, this probe may be useful for safe and reproducible noncontact optical stimulation of the 
cavernous nerves during nerve-sparing laparoscopic and robotic prostate cancer surgery. 
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ABSTRACT 
 
The cavernous nerves (CN) course along the prostate surface and are responsible for erectile function. Improved 
identification and preservation of the CN’s is critical to maintaining sexual potency after prostate cancer surgery.  
Noncontact optical nerve stimulation (ONS) of the CN’s was recently demonstrated in a rat model, in vivo, as a 
potential alternative to electrical nerve stimulation (ENS) for identification of the CN’s during prostate surgery. 
However, the therapeutic window for ONS is narrow, so optimal design of the fiber optic delivery system is critical 
for safe, reproducible stimulation.  This study describes modeling, assembly, and testing of an ONS probe for 
delivering a small, collimated, flat-top laser beam for uniform CN stimulation.  A direct comparison of the 
magnitude and response time of the intracavernosal pressure (ICP) for both Gaussian and flat-top spatial beam 
profiles was performed. Thulium fiber laser radiation (λ=1870 nm) was delivered through a 200-µm fiber, with 
distal fiber tip chemically etched to convert a Gaussian to flat-top beam profile. The laser beam was collimated to a 
1-mm-diameter spot using an aspheric lens. Computer simulations of light propagation were used to optimize the 
probe design.  The 10-Fr (3.4-mm-OD) laparoscopic probe provided a constant radiant exposure at the CN surface. 
The probe was tested in four rats, in vivo.  ONS of the CN’s was performed with a 1-mm-diameter spot, 5-ms pulse 
duration, and pulse rate of 20 Hz for a duration of 15-30 s.  The flat-top laser beam profile consistently produced a 
faster and higher ICP response at a lower radiant exposure than the Gaussian beam profile due, in part, to easier 
alignment of the more uniform beam with nerve.  The threshold for ONS was approximately 0.14 J/cm2, 
corresponding to a temperature increase of 6-8 oC at the CN surface after a stimulation time of 15 s.  With further 
development, ONS may be used as a diagnostic tool for identification of CN’s during prostate cancer surgery.   
 
Key Words:  optical stimulation, nerve, prostate, cavernous nerves, neurovascular bundle 
 

1.  INTRODUCTION 
 
The cavernous nerves (CN) are responsible for erectile function.  Variation in size and anatomic location of the 
CN’s among patients makes nerve preservation difficult during prostate cancer surgery.  As a result, there is wide 
variability in sexual function rates (9-86%) following prostate surgery [1].  Any technology capable of improved 
identification and preservation of the CN’s would result in improved sexual function and direct patient benefit. 
 
Recently, optical nerve stimulation (ONS) has been demonstrated using pulsed infrared lasers [2].  ONS offers 
several advantages over electrical nerve stimulation (ENS), including: (1) a non-contact method of stimulation, (2) 
improved spatial selectivity, and (3) elimination of stimulation artifacts.   
 
We have recently demonstrated successful ONS of the CN’s in a rat model, in vivo [3].  This technique may have the 
potential to be used as an alternative method to ENS as a diagnostic tool for identifying and preserving the CN’s 
during prostate surgery.  However, a major limitation of ONS is that a narrow range of radiant exposures is 
necessary for safe, reproducible nerve stimulation.  Radiant exposures less than ~ 0.35 J/cm2 may not produce a 
reliable and a consistent ICP response, while higher radiant exposures of ~ 0.6-1.0 J/cm2 may result in nerve damage 
with repetitive stimulation [3,4].  The laser beam diverges rapidly after exiting the fiber, making the beam diameter 
highly dependent on working distance. Therefore, it is critical that an ONS probe produce a collimated beam over a 
short working distance to provide a constant radiant exposure corresponding to safe, reproducible nerve stimulation.  
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Preliminary work in our laboratory reported the design of an ONS probe with a collimated beam [5], and included 
fiber optic beam shaping methods for converting the Gaussian to flat-top beam profile with preliminary testing of 
the probe in a rat cavernous nerve model, in vivo [6]. 
 
The objective of this study is to directly compare the magnitude and response time of ICP as a function of radiant 
exposure for the Gaussian and flat-top spatial beam profile in a rat cavernous nerve model, in vivo.  An ONS probe 
design capable of producing a fast and strong ICP response at a low radiant exposure would make the use of ONS 
more attractive as a diagnostic tool during laparoscopic and robotic nerve-sparing prostate cancer surgery. 
 

2.  MATERIALS AND METHODS 
 
A 200-µm-core, low-OH silica optical fiber (BFL22-200, Thorlabs, Newton, NJ) with a 0.22 NA was used in these 
studies. The distal fiber tip was etched with hydrofluoric (HF) acid for 1 min at room temperature and then cleaned 
with distilled (DI) water. During the acid etching process, the fiber was surrounded by 49% HF acid diluted with DI 
water in a 1:4 ratio (acid/water). The central 100 µm of fiber tip was chemically etched to a depth of about 2 µm. 
 
Computer simulations using fiber optic ray tracing software (RSoft Photonics CAD Suite Version 8.0.1.), based on 
advanced finite difference beam propagation techniques, were used to help optimize the chemical etching conditions 
necessary to provide a flat-top spatial beam profile.   
 
A 5.5-Watt Thulium fiber laser (TLT-5, IPG Photonics, Oxford, MA) with a wavelength range of 1850-1880 nm 
was used for ONS.  An aspheric lens (2-mm-OD, 350430-C, Thorlabs) and glass ferrule (Vitrocom, Mountain 
Lakes, NJ) were glued into place inside a quartz capillary tube (2.0-mm-ID, 2.4-mm-OD, CV2024, Vitrocom).  
Either an un-etched or etched 200-µm-core silica fiber (BFL22-200, Thorlabs) with 0.22 NA was inserted into a 
glass ferrule (Vitrocom) for centering with the optics, and then glued into place inside glass tubing. A green aiming 
beam and the infrared laser beam were coupled into the 200-µm fiber using a 12.7-mm-FL calcium fluoride lens.  A 
thermal camera (A20M, Flir Systems, Boston, MA) was focused onto the nerve surface to record temperatures 
during ONS.  Figure 1 shows a photograph of the rat surgical preparation and a diagram of the optical setup. 
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(a)  (b) 
 
Figure 1.  (a)  Photograph of surgical preparation for electrical and optical nerve stimulation.  (b)  Diagram of experimental setup. 

 
3.  RESULTS 

 
Figure 2 shows the computer simulation results in both 2D and 3D formats. The laser beam propagates down the 
fiber with a Gaussian shape and then the beam is transformed to a flat-top profile in free space after traveling 
through the chemically-etched fiber tip.  The aspheric collimating lens is placed at a distance of approximately 3.5 
mm from the distal fiber tip, to capture and collimate this flat-top beam profile. 



          
 
 
 
 
 
 
 
 
 
 
 
 
 

 (a) (b) 
 

Figure 2.  Computer simulation shows transformation of laser spatial beam profile from Gaussian mode to flat-top mode in (a) 
2D cross-section and (b) 3D after the beam propagates through the chemically-etched distal fiber tip. 
 
The beam diameter was measured by performing razor blade scans at different distances from the output end of the 
probe.  An approximately 1 mm (1/e2) spot diameter and collimated beam was obtained over a working distance of 
15-30 mm for both the (a) Gaussian (b) and flat-top probes (Figure 3).  
 
 
 
 
 
 
 
 
        

  
 (a) (b) 
 
Figure 3. Beam diameter of Gaussian (a) and Flat-top (b) probes as a function of working distance. The spot diameters remain at 
approximately 1 mm diameter over a working distance of 15-30 mm. 
 
A direct comparison of the beam profiles for the un-etched and chemically etched fibers is shown in Figure 4.  The 
un-etched fiber tip produces a Gaussian beam profile and the etched tip provides a relatively more uniform intensity 
distribution on the nerve surface as a flat-top spatial beam profile. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Comparison of spatial beam profiles at the distal fiber tip of un-etched and chemically etched fibers. 
 
The spatial beam profiles at the output end of the (a,b) Gaussian and (c,d) flat-top probes are shown in Figure 5.  
The 2D and 3D images were acquired with an infrared beam analyzer (Pyrocam III, Spiricon, Logan UT). 
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 (a)                   (b) (c) (d) 
 
Figure 5.  Spatial beam profiles taken with an infrared beam analyzer:  (a,b) Gaussian and (c,d) Flat-top spatial beam profiles. 
 
Plots of the ICP response for the cavernous nerve for both Gaussian (a) and flat-top (b) spatial beam profiles as a 
function of radiant exposure are shown in Figure 6. The ONS parameters used in Figure 6a were 5-ms pulse 
duration, 20 Hz, and 1-mm-diameter laser spot, for a 30 s duration. In Figure 6b, the OSN parameters used were 5-
ms pulse duration, 20 Hz, and about 1-mm-diameter laser spot, for a 15 s duration.  The longer stimulation time in 
Figure 6a was necessary due to the weaker and slower ICP response time of the Gaussian beam profile.  Faster and 
higher ICP responses of the CN were obtained at a lower radiant exposure for the flat-top versus the Gaussian beam 
profile.  This may be due, in part, to improved alignment of a flat-top beam with the nerve by providing a more 
uniform intensity distribution across the nerve surface. 
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Figure 6.  Comparison of (a) Gaussian and (b) flat-top spatial beam profiles for optical stimulation of the rat cavernous nerves as 
a function of radiant exposure.  The magnitude of the ICP increases and the response time decreases as the radiant exposure is 
increased for both beam profiles.  However, by comparison, the ICP response is significantly higher and faster for the flat-top 
beam profile at lower radiant exposures than for the Gaussian beam profile.  



A thermal camera was used to record the temperature on the surface of the cavernous nerve during ONS (Figure 7).  
The minimum threshold for successful ONS, about 0.14 J/cm2, as shown above in Figure 6b, corresponded to an 
increase in temperature of  6-8 oC (Figure 8a).  This measurement is consistent with previous studies, which have 
shown that a temperature increase of 6-10 oC is necessary to produce ONS in peripheral nerves [7].  A temperature 
elevation of 6 oC was reached after approximately 6 s (Figure 8b) which also corresponds to the time delay between 
the beginning of stimulation and the ICP response observed in Figure 6b.   
 

 
 

(a) (b) 
 
Figure 7.  Representative temperatures of the cavernous nerve surface during optical nerve stimulation with a radiant exposure of 
0.14 J/cm2 for 15 s:  (a)  Baseline nerve temperature just prior to stimulation;  (b)  Maximum temperature after stimulation. 
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Figure 8.  The maximum change in temperature after optical stimulation (a) as a function of radiant exposure after 15 s 
stimulation, and (b) as a function of time for a fixed radiant exposure of 0.14 J/cm2.   
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4.  DISCUSSION 
 
There is a wide variability in reported sexual potency rates following prostate cancer surgery, due, in part, to the 
difficulty in preserving the CN during surgery.  Any technologies that can assist in identification and preservation of 
the CN during surgery may lead to direct patient benefit. 
 
This study compares probes producing Gaussian and flat-top spatial beam profiles for ONS of the CN’s in a rat 
model, in vivo.  Both laparoscopic probes delivered a 1-mm-diameter, collimated beam at a working distance of 
about 20 mm from the CN.  For the same laser parameters (pulse duration = 5 ms, pulse rate = 20 Hz), the flat-top 
beam profile produced a faster and higher ICP response at a lower radiant exposure than the Gaussian beam profile.   
 
There are several limitations of this study that should be discussed.  First, while the rat prostate is the standard small 
animal model for cavernous nerve studies, this model represents an idealized version of the prostate anatomy.  
Unlike the human prostate, the rat cavernous nerves are easily visible on the prostate surface.  Further testing of our 
probe will be needed in a larger, canine prostate model which more closely resembles the human prostate. 
 
Second, while the beam shaping method applied in this study resulted in a significant improvement in the uniformity 
of the spatial beam profile, a perfect “tophat” spatial beam profile was not achieved.  Further reduction in the wings 
of the flat-top beam would provide even more uniform irradiation of the nerve surface during optical stimulation. 
 
Finally, analysis of thermal damage to the nerve after laser nerve stimulation was based on nerve function in this 
study.  Specifically, the ability to achieve a strong ICP response repeatedly with conventional electrical nerve 
stimulation immediately after laser stimulation was our primary source of feedback.  In future studies, once the large 
matrix of laser nerve stimulation parameters and probe configurations have been fully optimized, histological 
analysis of the CN will need to be performed, as a more rigorous indicator of thermal damage.  Chronic rat studies to 
determine whether there are any delayed thermal effects to the nerve will also need to be conducted. 
 

5.  CONCLUSIONS 
 
A 3-mm-OD laparoscopic probe capable of delivering a collimated, 1-mm-diameter, flat-top laser beam was 
designed and successfully tested for optical nerve stimulation.  This probe produced a faster and higher ICP 
response in the rat CN at a lower radiant exposure than for a standard probe with a Gaussian beam profile.  With 
further development, this probe may be useful for safe and reproducible noncontact optical stimulation of the 
cavernous nerves during nerve-sparing laparoscopic and robotic prostate cancer surgery. 
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Abstract:  The cavernous nerves, responsible for erectile function, are at risk of injury during 
prostate cancer surgery.  An edge detection algorithm is presented here for improved OCT prostate 
imaging, and identification and preservation of the nerves. 
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1.  Introduction 
 
The cavernous nerves are responsible for sexual function. These nerves are at risk of injury during surgical 
dissection and removal of a cancerous prostate gland because of the close proximity of the nerves to the prostate 
surface. Their microscopic nature also makes it difficult to predict the true course and location of these nerves from 
one patient to another. These observations may explain in part the wide variability in reported potency rates (9-86%) 
following prostate cancer surgery [1]. Therefore, any technology capable of providing improved identification, 
imaging, and visualization of the cavernous nerves during prostate cancer surgery would aid preservation of the 
nerves and improve postoperative sexual potency. 

Optical coherence tomography (OCT) is a noninvasive optical imaging technique for in vivo and in situ imaging 
of microstructure in biological tissues [2]. OCT imaging of the cavernous nerves in the rat and human prostate has 
recently been demonstrated [3-6]. However, improvement in the quality of the images for identification of the 
cavernous nerves is necessary before clinical use. Our laboratory has previously reported improvements in the image 
quality of OCT prostate images using denoising and segmentation techniques [7,8]. 

However, one of the main limitations in OCT remains the inability to image deep into opaque tissues. Currently, 
OCT is limited to an image depth of approximately 1 mm in prostate and periprostatic tissues. Therefore, in this 
paper, a new edge detection algorithm based on thresholding and spatial first-order differentiation is implemented to 
provide deeper imaging of the prostate gland. 
 
2.  Edge Detection System 
 
A block diagram of the edge detection system is shown in Fig. 1. After luminance thresholding on the input image 
f(x,y), a first-order spatial differentiator of orthogonal gradient is performed to produce the differential image g(x,y) 
with accentuated spatial amplitude changes. Morphological post-processing is used to accentuate edges. 
 
A.  Luminance Thresholding:  In this section, the glandular structure of the prostate is judged present if the 
luminance exceeds the threshold level of background. 
 
B.  Orthogonal Gradient Generation:  After applying a threshold level to the denoised image f(x,y), a form of spatial 
first-order differentiation is performed in two orthogonal directions. In the discrete domain, the gradient in each 
direction is generated by [9]: 
 

, ,( , ) ( , ) ( , )r c r cg x y f x y h x y= ∗     (1) 
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are the row and column impulse response arrays for the 3×3 Sobel orthogonal gradient operator. 

 
Fig. 1. Edge detection system block diagram. 

 
 
 

The gradient amplitude is approximated by the magnitude combination 
 

( , ) ( , ) ( , )r cg x y g x y g x y= +     (3) 
 
C.  Morphological Post-processing:  The morphological post-processing for accentuating edges proceeds by close 
operation. It is implemented by dilation followed by erosion. 
 
3.  Results 
 
OCT images were taken in vivo using a clinical endoscopic OCT system (Imalux, Cleveland, OH) based on an all 
single-mode fiber (SMF) common-path interferometer-based scanning system (Optiphase, Van Nuys, CA). The 
OCT system was used with an 8 Fr (2.6-mm-OD) probe providing a lateral scanning distance of 2 mm and an image 
depth of 1.6 mm.  The system was capable of acquiring real-time images with 11 μm axial and 25 μm lateral 
resolutions in tissue. 

An unprocessed TD-OCT image of the cavernous nerve at longitudinal orientation along the surface of the rat 
prostate is shown in Fig. 2(a). Fig. 2(b) shows the combination of edge detection result of the denoised image and 
segmentation result. The edge detection approach was successful in accentuating prostate structures deeper in the 
tissue. The glandular structure of the prostate could be seen to a depth of approximately 1.6 mm in Fig. 2(b) in 
comparison with an only about 1 mm depth in the unprocessed OCT image in Fig. 2(a). However, it should be noted 
that further quantitative performance evaluation is difficult because of the lack of definitive performance criteria in 
the unprocessed OCT images. Overall, the edge detection technique enhanced structures deeper in the prostate 
gland. 

It should be noted that the rat model used in this study represents an idealized version of the prostate anatomy 
because the cavernous nerve lies on the surface of the prostate, and is therefore directly visible. However, in the 
human anatomy, there may be an intervening layer of fascia between the OCT probe and the nerves, making 
identification more difficult. Since one major limitation of OCT is its superficial imaging depth in opaque tissues, an 
important advantage of the proposed algorithm is that the final processed OCT image should be able to provide 
deeper imaging in the tissue and using the segmentation approach we should be able to locate the cavernous nerve 
when it lies at various depths beneath periprostatic tissues. 
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Fig. 2. Longitudinal OCT images of the rat cavernous nerve: (a) Unprocessed; (b) Segmented and edge detected image. 
 
 
4.  Conclusions 
 
In previous studies, a segmentation technique was used to locate the cavernous nerves in the prostate. An edge 
detection technique was applied here to complement segmentation to provide deeper imaging of the prostate gland. 
These algorithms for image enhancement of the prostate may be of direct benefit for implementation in clinical 
endoscopic OCT systems currently being studied for use in laparoscopic and robotic nerve-sparing prostate cancer 
surgery. 
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2-D SEGMENTATION OF OCT PROSTATE IMAGES 
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Introduction: The cavernous nerves, which are responsible for erectile function, course along the prostate surface 
and vary in size and location among patients, making identification and preservation of the nerves difficult during 
surgical removal of a cancerous prostate gland. Optical coherence tomography (OCT) has recently been tested for 
high-resolution in vivo imaging of the cavernous nerves in both rat and human prostates. However, improvements 
in the quality of OCT images are necessary before this new technology is suitable for clinical use. In this study, 
two-dimensional (2D) image segmentation is investigated to differentiate the nerves from the prostate gland. 
 
Methods: 2-D rat prostate images acquired with a clinical endoscopic OCT system are segmented into three 
regions or classes: background, nerve, and prostate gland. To detect these classes, three image features were 
employed: Gabor filter, Daubechies wavelet, and Laws filter. The Gabor feature is applied with different standard 
deviations in the x and y directions. In the Daubechies wavelet feature, 8-tap Daubechies orthonormal wavelet is 
implemented, and the low pass sub-band is chosen as filtered image. Finally, Laws feature extraction is applied to 
the images. The features are segmented using a nearest-neighbor classifier. N-ary morphological post-processing 
is used to remove small voids. 
 
Results: The cavernous nerves were differentiated from the prostate gland using this segmentation algorithm. The 
overall error rate measured only 0.058 and was obtained by manually creating a segmented image and comparing 
it to the automatic segmentation. 
 

 

Figure 1.  Representative OCT image of the rat cavernous nerve:  (a) before;  (b) after segmentation, showing the cavernous 
nerve in white, prostate tissue in gray, and background in black. 

 
Conclusion: This algorithm for image segmentation of the prostate nerves may prove useful for 
implementation in clinical endoscopic OCT systems currently being explored for potential use in 
laparoscopic and robotic nerve-sparing prostate cancer surgery. 
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